Purpose: Congenital glaucoma is a significant cause of irreversible blindness. In some instances glaucoma is associated with developmental abnormalities of the ocular anterior segment, which can impair drainage of aqueous humor, leading to an increase in intraocular pressure. Methods: Genome sequencing was performed on a parent-proband congenital glaucoma trio, with exome sequencing of 79 additional individuals with suspected primary congenital glaucoma. Results: We describe a unique ocular anterior segment dysgenesis associated with congenital glaucoma in four individuals from three unrelated families. In each case, disease was associated with compound heterozygous variants in CPAMD8 , a gene of unknown function recently associated with ocular anterior segment dysgenesis, myopia, and ectopia lentis. CPAMD8 expression was highest in neural crest-derived tissues of the adult anterior segment, suggesting that CPAMD8 variation may cause malformation of key drainage structures and the development of high intraocular pressure and glaucoma. Conclusions: This study reveals a unique genetic cause of childhood glaucoma, and expands the phenotypic spectrum of CPAMD8 -associated ocular disease.
Introduction
Congenital glaucoma is a significant cause of childhood blindness and results from developmental defects of the trabecular meshwork and Schlemm's canal, both of which are involved in the regulation of aqueous humor outflow controlling intraocular pressure (IOP).
Increased IOP is a major risk factor for optic disc cupping and retinal nerve fibre layer degeneration: the major hallmarks of glaucoma. Other common features of congenital glaucoma include buphthalmos, corneal clouding, corneal edema, and breaks in Descemet's membrane (Haab striae). Congenital glaucoma can be primary (PCG) in which there is no other apparent ocular abnormality, or secondary, in which other ocular features are present. Secondary congenital glaucoma is often caused by anterior segment dysgenesis (ASD), a heterogeneous group of ocular developmental disorders affecting the iris, cornea, lens, and/or aqueous humor outflow structures. Associated defects include hypoplasia of the iris stroma, corectopia, pseudopolycoria, posterior embryotoxon, abnormal iridocorneal angle, iridocorneal adhesions, corneal opacity, and corneal vascularisation. The most common ASD presentation is Axenfeld-Rieger anomaly, known as Axenfeld-Rieger syndrome (ARS) when associated with systemic features. Individuals with ARS have a 50-60% lifetime risk of developing glaucoma, which can occur as early as the first year of life (Shields 1983; Souzeau 2017 ).
Three genes have been associated with PCG: CYP1B1 1 , LTBP2 2, 3 and TEK 4 . Depending upon the population, biallelic variants in CYP1B1 account for as few as 15% to as many as 100% of PCG cases 5, 6 , with a prevalence of 22% among Australian cases 7 . LTBP2 variants are a rare cause of autosomal recessive congenital glaucoma and are often associated with megalocornea, spherophakia, and ectopia lentis 8 . Heterozygous loss-of-function TEK variants are also a rare cause of PCG with incomplete penetrance 4 . While heterozygous variants in FOXC1 9 or PITX2 10 account for 40-60% of ARS, FOXC1 variants may also be associated with childhood glaucoma with mild features of ASD (Siggs et al., unpublished) . Similarly, PAX6
variants cause aniridia 11 , and in rare instances can be associated with glaucoma 12 .
Recently, a unique form of ASD was associated with biallelic variants in CPAMD8 13 Here we investigated genetic variation in a cohort of patients with a suspected diagnosis of PCG. Compound heterozygous CPAMD8 variants were identified in four affected individuals from three families, each with a unique combination of anterior segment abnormalities and congenital glaucoma. 
Material and Methods

Human subjects
DNA sequencing and analysis
DNA was prepared from whole blood. Genomes were sequenced on the Illumina Hiseq X platform as previously described 16 . Exome capture was performed using the Agilent SureSelect system (v4 or v5) and sequenced on an Illumina HiSeq (2000 or 2500). Raw reads were aligned to the hg19 reference using BWA-MEM (v0.7.12), and sorted and duplicate-marked with Picard (v1.13). Local indel realignment and base quality score recalibration was performed using GATK (v3.4.0). Variants were recalibrated using the GATK Variant Quality Score Recalibrator (VQSR).
Finally, VCF files were annotated with ANNOVAR using RefSeq, gnomAD (r2.0.2), 1000
Genomes ( 
Results
To investigate the underlying genetic cause of congenital glaucoma, we sequenced the genomes of an affected proband and his unaffected parents (Family 1, Figure 1A ). Based on a suspected autosomal recessive mode of inheritance, we initially focussed on all genes with rare homozygous or compound heterozygous variants (gnomAD allele frequency < 0.001) present in the proband (which included SCAF1, TTN, TXND8, and CPAMD8 ). Only one of these genes ( CPAMD8 ) had previously been associated with ocular disease, and furthermore was known to cause an autosomal recessive ASD 13 . The two heterozygous CPAMD8 variants present in the Figure   1A ).
All five CPAMD8 variants identified were either rare or absent in gnomAD, at a frequency consistent with a rare pediatric recessive disease (Table 1) , and no homozygotes were observed. All identified CPAMD8 variants were predicted to be damaging by the CADD, PolyPhen-2 and/or SIFT algorithms ( Table 1) CPAMD8 is known to be expressed in the anterior segment of the developing human eye, with high expression of transcript at 22 weeks' gestation in the lens, iris, and cornea 13 . We further assessed CPAMD8 expression in ocular tissue from recently deceased adult donors, identifying a peak of expression in the ciliary body and corneal epithelium ( Figure 1E ).
The phenotype of each affected family member is detailed in Figure 2 and Table 2 . The proband of Family 1 (II:1) was diagnosed with bilateral buphthalmos and congenital glaucoma at birth.
He required multiple operations to control his elevated IOP and glaucoma (bilateral trabeculotomies and trabeculectomies, and a glaucoma drainage tube implant in the right eye), along with topical eye drops. Other ocular features included high myopia (due to increased axial length secondary to buphthalmos), iris stromal hypoplasia, microphakia, scleromalacia, prominent iris vessels, and pendular nystagmus. He also had ectopia lentis, corectopia, and iris transillumination, all of which were suspected to be consequences of surgery. Both parents had a normal eye examination with no features of ASD.
The proband of Family 2 (II:1) was diagnosed with congenital glaucoma at birth, with bilateral megalocornea, nystagmus, and elevated IOP. He had bilateral goniotomies at 3 days of age to control IOP, which remained controlled ever since. He developed bilateral posterior subcapsular cataracts at 22 years of age, and had a left cataract removed (due to megalocornea he remained aphakic in that eye). Other ocular features included iris stromal hypoplasia, corectopia, iridodonesis, phacodonesis, and ectopia lentis. His mother had a normal eye examination. He was conceived through an anonymous sperm donor; therefore, no clinical details were available for his biological father. He had an unaffected younger brother who was conceived through a different sperm donor.
The proband of Family 3 (II:1) was diagnosed with bilateral congenital glaucoma at birth. She had trabeculotomy in the right eye at two weeks of age, followed by trabeculectomies in both eyes at three weeks of age. Her IOPs had been well maintained ever since and she was not on any treatment at her last follow-up (at 21 years of age). She had high myopia, iris stromal hypoplasia, corectopia, phacodonesis, iridodonesis, ectropion uveae, and nystagmus. She developed nuclear and posterior subcapsular cataracts at 6 years of age, which had not required surgery at last follow-up. Her sister (II:3) was diagnosed with unilateral PCG at birth, and underwent a right trabeculotomy at one week of age, with well controlled IOP since this procedure. Other ocular features included iris stromal hypoplasia, corectopia, and corectopia.
Both parents and a third sibling had normal eye examinations.
Clinical data summarised across all four affected individuals revealed striking similarities to previously described cases of CPAMD8 -associated ASD ( Figure 2 , Table 2 ) 13 . All cases were noted to have abnormalities of the iris (4/4), including corectopia (4/4), stromal hypoplasia (3/4), and mild ectropion uveae (2/4) ( Figure 2 ). Cataracts were present in both individuals older than 20 years, with cataract surgery complicated by megalocornea in the proband of Family 2. All four cases described here required surgery to control glaucoma and IOP: three had well controlled IOP and glaucoma after surgery in early infancy, while the proband of Family 1 required multiple surgical procedures (and was still on topical treatment at 4 years of age) ( Table 2 ).
Discussion
We provide evidence that biallelic CPAMD8 variation represents a new genetic cause of variants, have a well-defined association with glaucoma 17 .
Ascertainment bias makes it difficult to accurately estimate glaucoma penetrance in CPAMD8 -associated ASD. Within the limits of available patient data (four known CPAMD8 cases with glaucoma, plus four without glaucoma), we estimate glaucoma penetrance in CPAMD8 -related ASD to be ~50% (4/8), which is similar to more reliable estimates in ARS 17, 18 .
More commonly associated ocular features include corectopia (8/8), iris stromal hypoplasia ASDs defined by neural crest dysfunction 20 , CPAMD8 deficiency does not appear to cause other neural crest-associated malformations involving dental, craniofacial, nor aortic structures.
Initially suspected to play a role in immunity, the physiological function of CPAMD8 has been elusive, particularly given its absence from rodent genomes 21 . CPAMD8 (complement component 3-and pregnancy zone protein-like alpha-2-macroglobulin domain-containing protein 8) is one of eight members of the complement 3/α2-macroglobulin (C3/α2M) family reported in humans 21 . Other C3/α2M family members include the complement components C3, C4A, C4B, and C5; α2M; pregnancy zone protein; and CD109. C3, C4A, C4B, C5, and α2M
proteins are all abundant in plasma, while CD109 is GPI-anchored cell-surface molecule, and CPAMD8 is membrane-associated.
In conclusion, our findings expand the phenotypic spectrum associated with biallelic CPAMD8 variants, and extend the overlap between congenital glaucoma and ASD (Siggs et al., unpublished) 17 : highlighting the challenges associated with clinically distinguishing the two.
Molecular diagnostics will play an increasingly important role in the diagnosis and management of childhood and congenital glaucoma. 
